ABSTRACT: This paper introduces the Cretaceous Etjo Formation of NW Namibia as a sedimentological analogue for the Leman Sandstone, the principal gas reservoir of the UK Southern North Sea. Special reference is made to the documentation of hard knowledge from the analogue for input into very fine-scale reservoir models suitable for upscaling. The data presented address the sedimentary aspects of reservoir heterogeneity in aeolian sandstones providing size populations for grain flow laminae which typically exhibit permeability of an order of magnitude better than the grain fall and wind-rippled strata which encase them. The results also have significant and more general implications for existing models of aeolian sequence stratigraphy. The data collected are used to demonstrate that there is no link between preserved bedform thickness and original dune height. This has implications for the role of subsidence in controlling preserved bedform thickness.
INTRODUCTION
The Permian Rotliegend Group, including the Leman Sandstone Formation, of the Southern North Sea (SNS) represents the principal UK gas reservoir. Gas was initially discovered in 1966 (Glennie 1997 ) and the area is now a mature hydrocarbon province containing up to 35 10 12 cubic feet (scf) of gas derived from Carboniferous source rocks. The gas is trapped within sediments that were deposited in a variety of arid continental environments. Sediments of aeolian origin form the volumetrically most significant reservoirs (Glennie 1986 ). Numerous investigations have been undertaken in an attempt to gain an improved understanding of the controls on Rotliegend Group reservoir quality. These include sedimentary studies related to the primary depositional facies (e.g. Glennie 1972) , diagenetic studies related to the distribution of cement phases, especially illite (e.g. Nagtegaal 1979) , and structural studies related to the timing of structuration and gas emplacement (e.g. Alberts & Underhill 1991; Turner et al. 1993) . The advent of routine 3D reservoir modelling and flow simulation techniques (Flint & Bryant 1994) , together with the switch to tertiary production methods, has highlighted the need for quantitative data on various aspects of reservoir architecture. Much of these data cannot be measured in the subsurface and consequently must be obtained from suitable outcrop-based analogues.
The aim of this study is to quantify the geometry and size distribution of high permeability aeolian grain flow laminae. This is important because the spatial arrangement of grain flow laminae within aeolian bed-sets is a key parameter that controls fluid flow within aeolian reservoirs. As such, accurately accounting for the geometry of grain flow laminae is an important aspect of reservoir modelling in aeolian systems. However, because of the one-dimensional nature of core, analysis of grain flow laminae recovered from the subsurface is restricted solely to vertical thickness; there is currently no way to determine grain flow width and length from core. This study provides information concerning grain flow geometry observed in outcrop, where all three spatial dimensions can be measured readily. Later in this paper we demonstrate that the thicknesses of the grain flow laminae measured in outcrop are similar to those of grain flow laminae observed in core from the SNS. Geometric data collected from outcrop can therefore be used to reconstruct the spatial arrangement of grain flow laminae in subsurface reservoir units.
Aeolian sandstones are comprised predominantly of three basic lamination types: grain flow, grain fall and wind-rippled laminae (Hunter 1977; Fig. 1) . Aeolian grain flow laminae result from gravity-induced avalanching of sand grains down the active slope of a sand dune. Such deposits are typically tongue shaped and commonly exhibit a slight inverse grading (Hunter 1977) . Because deposition via avalanching results in a relatively 'loose' grain packing assemblage, grain flows typically exhibit permeabilities that are an order of magnitude higher than surrounding grain fall and wind-ripple laminae (Weber 1987) . Although permeability variations have been measured and recorded in outcrop (Weber 1987; Chandler et al. 1989) , no data are available for the size distributions of individual grain flow elements. The marked contrast in the permeability structure of aeolian deposits means that grain flow size is an essential parameter in reservoir modelling and upscaling. Although individual laminae are too small to be incorporated into coarse flow simulation grids, population distributions are important because they form the basis for upscaling studies and calculation of effective permeability.
The outcrop analogue chosen for this study is the lower Cretaceous Etjo Formation exposed in the Huab Basin of northwestern Namibia (Fig. 2) . The Etjo Formation is a predominantly aeolian succession, up to 200 m thick, that was deposited in a series of small topographic basins that formed at the onset of a regional rifting event immediately prior to the break-up of West Gondwanaland and the opening of the South Atlantic Ocean (Ledendecker 1992) . The succession consists of a lower fluvial unit that is overlain by up to 160 m of predominantly aeolian strata (Mountney et al. 1998) . Towards the top of the succession, aeolian sandstones are interbedded with basaltic lavas that signify the onset of Etendeka volcanism and the early stages of continental break-up (Milner et al. 1995) . These flood basalt lavas onlapped and overwhelmed the active aeolian sand-sea in a series of pulses, gradually reducing the availability of aeolian sediment before eventually terminating aeolian activity and deposition .
Specific objectives of this study are (1) to introduce the Etjo Formation as an outcrop analogue for the Leman Sandstone Formation of the Southern North Sea; (2) to provide frequency distributions for aeolian grain flow thickness, widths and lengths; (3) to investigate the relationship between grain flow thickness (observable in core) and grain flow widths/lengths; and (4) to test the relationship between preserved bed-set thickness and grain flow thickness and compare these results with a previously documented study of the relationship between modern dune height and grain flow thickness (Kocurek & Dott 1981) . The first three points are important in the context of aeolian reservoirs, where the distribution of grain flow laminae directly control the porosity and effective permeability (Weber 1987; Chandler et al. 1989) . The relationship between bed-set and grain flow thickness has important implications for our understanding of the mechanism by which sets of aeolian strata become preserved in the rock record.
DATA
The data presented here were collected as part of a larger regional study of the Etjo Formation. Sixteen localities were chosen where aeolian grain flow laminae were well exposed in three dimensions. Parameters measured were the maximum thickness, width and/or length of individual grain flow laminae (Fig. 1) , the preserved bed-set thickness of the cross-stratified set containing the grain flow laminae, the cross-bedding dip and orientation, and the stratigraphic position of the sample within the succession. Some 114 grain flow units were measured at 16 sites (Fig. 3) . Care was taken to ensure that data were only collected from outcrops aligned either perpendicular or parallel to the regional palaeobedform migration direction (determined to be towards the northeast on the basis of 1215 palaeocurrent measurements (Mountney et al. 1998) . This avoided the measurement of oblique sections through grain flow units that would have exaggerated the dimensions of the laminae. Additionally, care was taken to ensure that only those laminae that represent single grain flow events were recorded. This avoided distortion of the dataset by eliminating the inclusion of amalgamated or stacked laminae representing two or more grain flow events.
To test the suitability of the grain flow data collected from the Etjo Formation as an analogue for the Leman Sandstone, an additional dataset of grain flow thickness was recorded from an unreleased well in the southern part of the SNS. The thickness of grain flow laminae that occurred every 30 cm (at the 1 foot markers) within the core were recorded over an interval of 130 m directly beneath the reworked facies of the Weissliegend.
THE ETJO FORMATION AS AN ANALOGUE FOR
THE LEMAN SANDSTONE Analogues provide information from one system for another where data are not readily available. The key aspects of the two systems must be similar for the application of the analogue to be valid. In this study (modelling grain flow dimensions) it is necessary to ascertain whether the deposits of the outcrop analogue (the Etjo Formation) and the reservoir unit (the Leman Sandstone) represent comparable dune systems that exhibited similar bedform morphologies and geometries. Because the modelled element (grain flow shape) is geometric, it is not necessary to compare the petrophysical properties of the Etjo Formation and Leman Sandstone as these are, at least in part, a function of diagenesis. Rather, the analogue should be deemed suitable if it exhibits strata that accumulated via similar depositional processes, in a similar depositional setting, and if it exhibits similar stratal architecture, bed-set thickness and textural characteristics.
Detailed description of the sedimentology and stratigraphy of the Etjo Formation is given by Mountney et al. (1998 Mountney et al. ( , 1999 and only a brief summary is given here. Additionally, Jerram et al. (1999) document the volcano-stratigraphic evolution of the upper portion of the Etjo Formation and its relationship to the overlying Etendeka flood basalts. The sedimentology of the Leman Sandstone Formation has been extensively documented (see Glennie (1990) for summary and also George & Berry (1993 , 1997 and Howell & Mountney (1997) for more recent studies).
Both the Etjo Formation and the Leman Sandstone comprise a lower fluvial unit that is overlain by a major aeolian unit. In both systems, the transition from fluvial to aeolian deposition represents the onset of widespread erg accumulation within an evolving basin following a protracted period during which the available accommodation, and hence preservation potential, was limited.
Aeolian deposits in the Etjo Formation comprise fine-to medium-grained sandstones that were deposited as sets of grain flow, grain fall and wind-ripple laminated sandstones (Mountney et al. 1998) . Individual sets of aeolian strata vary in thickness from 1-52 m and are commonly laterally persistent over distances of several hundred metres in directions both parallel and perpendicular to the palaeowind. Sets are bounded by surfaces that are interpreted to have originated through a variety of mechanisms related to the migration of various types of aeolian bedforms . Analysis of the spatial arrangement of the major bounding surfaces indicates that the bed-sets were deposited by an aeolian transverse draa that was up to 100 m high, with a downwind spacing of up to 700 m, and with sinuous crests producing troughs up to 500 mwide . The interpretation that the bed-sets represent the deposits of large transverse-barchanoid bedforms is comparable to that made from dipmeter data for the bed-sets in the Leman Sandstone in the southern part of the SNS (Glennie 1983) .
Depositional facies indicate that the climatic setting for both the Etjo and Leman systems was arid to semi-arid, both are dry aeolian systems (sensu Kocurek & Havholm 1993) . The key difference between the systems is that the Leman Sandstone accumulated during a period of rapid climate fluctuations driven by the Permian Gondwanaland glaciations. Climatically driven depositional cycles have been documented within the Rotliegend where they are expressed as regionally extensive supersurfaces that dissect the aeolian deposits of the erg interior (George & Berry 1993; Howell & Mountney 1997) . By contrast, the Etjo was deposited during a period of more stable climate and only one large-scale, 100 m thick climatically driven cycle has been observed .
Although not represented by directly comparable climatic conditions, the similarities between the Etjo and Leman systems outweigh the differences, and the Etjo Formation is therefore considered to be a suitable analogue from which to collect numerical data for modelling the centre of the Leman Sandstone erg.
RESULTS: GRAIN FLOW ARCHITECTURE
Within the Etjo Formation, measured grain flow laminae range in thickness from 1 to 32 mm with a mean of 11 mm (Fig. 4) . The sample population exhibits a normal distribution (Fig. 4a) . The widths of grain flow laminae range from 0.7 to 3.2 m with a mean of 1.76 m; the population exhibits a slightly negatively skewed distribution (Fig. 4b) . The lengths of grain flow laminae range from 0.3 to 10.2 m with a mean of 2.1 m and have a strongly negatively skewed distribution (Fig. 4c) . In the absence of any data from core these populations can be used to stochastically populate fine grids which can then be upscaled and used in reservoir models. Although the dimensions of these grain flow laminae are below simulation grid scale, they are important because they represent first-order controls that act to condition the effective permeability of the simulation grid.
The relationship between grain flow laminae thickness and width can be expressed as the linear equation
y=0.1x+0.7
The relationship between grain flow laminae thickness and length can be expressed as the linear equation
y=0.2x
The relationship between thickness and length (r 2 =0.47) is clearer than the relationship between thickness and width (r 2 =0.41) (Fig. 5) . If thickness data can be recorded from core then these relationships can be used to predict likely grain flow laminae lengths and widths. The relationships determined here indicate that grain flow length will range between 97 and 410 times the thickness (Fig. 5a) . Linear regression indicates a best fit relationship whereby total grain flow lengths are most likely to be 213 times their thickness. Grain flow widths range from 64-240 (median 133) times the grain flow thickness (Fig. 5b) .
The 16 different bed-sets from which the grain flow laminae data were collected exhibit a range of persevered thicknesses from 2-24 m (Fig. 3) . Plotting grain flow thickness against preserved bed-set thickness reveals no apparent relationship (Fig. 6 ). This is significant because Kocurek & Dott (1981) highlighted a positive relationship between grain flow thickness and slipface height in modern dunes (Fig. 7) . This observation has far-reaching implications for aeolian sequence stratigraphy. These implications are discussed below.
In order to assess the suitability of the grain flow thickness distribution populations from the Etjo Formation as an analogue for the Leman Sandstone, the thickness data were compared with 130 grain flow laminae recorded from a single core taken throughout the Leman Sandstone from the southern part of the SNS. The frequency distribution (Fig. 8) shows a normal distribution, although a small tail exists in the upper thickness range. The data support the normal distribution observed in the Etjo Formation and confirm the suitability of the outcrop analogue for application to the Leman Sandstone. The tail on the distribution is attributed to vertical amalgamation of grain flows, indistinguishable in vertical section.
DISCUSSION
The fluid flow characteristics of aeolian reservoirs are controlled by the distribution of high permeability grain flow units within lower permeability wind-ripple and grain fall strata. This heterogeneity exists on two levels. First, at the centimetreto-metre scale, the proportion and size of individual grain flow units within the slipface deposits will be an important control on reservoir permeability. Second, at the metre to tens-ofmetres scale, the distribution of wind-ripple-dominated dune base or dune apron deposits at the base of each bed-set will exert a significant control on vertical permeability and may promote lateral fluid flow. The data presented above have implications for reservoir heterogeneity on both of these scales.
At the centimetre-to-metre scale, the thickness of grain flow laminae observed in core can be used to predict the grain flow laminae widths and lengths. Observations of grain flow laminar thickness made directly in core can be used to estimate three-dimensional grain flow laminae geometry and this can be used to provide estimates of permeability and net flow directions in reservoir models. This provides a method by which upscaling models can be conditioned directly to subsurface observations.
At the metre to tens-of-metre scale, the data have important implications regarding the mechanism by which aeolian bedsets become incorporated into the rock record. As stated above, there is a positive correlation between grain flow thickness and bedform height in modern aeolian systems ( Fig. 7 ; Kocurek & Dott 1981) . However, the data from the Etjo Formation exhibit no apparent relationship between the thickness of grain flow laminae and the preserved thickness of the bed-sets within which the laminae occur (Fig. 6 ). This lack of relationship demonstrates that original bedform height, and hence bedform size, is not the only control on preserved bed-set thickness.
The preserved thickness of bed-sets within dry aeolian systems is a function of both the size (downwind spacing) of the original bedforms and angle of climb of the bedforms (Brookfield 1977; Rubin & Hunter 1982) . For aeolian bedforms to climb at a positive angle, the erg system must experience a positive net sediment budget. For stacked sets of aeolian strata to accumulate via a 'climbing' mechanism, a positive net sediment budget must be maintained throughout the period of accumulation. Importantly, for long-term preservation of the accumulation, the aeolian bed-sets must accumulate below the baseline-of-erosion (Kocurek & Havholm 1993) . This is most readily achieved either by ongoing subsidence that generates additional accommodation at the site of aeolian deposition, or by the progressive migration of an aeolian erg into a site of unfilled accommodation. Thus, accommodation is a key control on preservation in dry aeolian systems. Furthermore, Wilson (1971) and George & Berry (1997) have demonstrated that the angle of bedform climb is likely to be steeper in subsiding basins because the depression promotes expansion of the airflow, resulting in a decrease in the transport capacity of the wind and a corresponding increase in the net sediment budget. This is important because aeolian bedforms accumulating in rapidly subsiding basins are likely to be preserved as thick bed-sets, whilst bedforms of the same size accumulating in slowly subsiding basins are likely to be preserved as thinner bed-sets.
The above discussion has implications for lateral and vertical distribution of both low permeability aeolian-bounding surfaces and related wind-ripple strata, and high permeability crossstratified aeolian units dominated by grain flow laminae. For sand-rich dry aeolian systems, like the central part of the Leman erg, high rates of sediment supply would have generated large aeolian bedforms that would tend to outpace the rate of creation of accommodation, and thus keep the basin overfilled (erg building to above base level). Preservation of aeolian sets would be controlled primarily by subsidence rates. Aeolian accumulation at sites of rapid subsidence would have resulted in the preservation of thicker bed-sets consisting of low permeability wind-rippled sandstones at the base of the set, overlain by high permeability grain flow sandstones in the remainder of the bed-set.
Conversely, aeolian accumulation at sites of slow subsidence would have resulted in the preservation of thinner bed-sets consisting of low permeability wind-rippled sandstones at the base of the set, but lacking a significant accumulation of overlying, high permeability grain flow laminae. For both the fast-and slow-subsidence rate scenarios, the thickness of the lower permeability wind-rippled laminae at the base of the sets would be the same because these features are controlled by the size and spatial arrangement of the bedforms within the original erg system, rather than the mechanism by which the sets are preserved. Similarly, for both the fast-and slow-subsidence rate scenarios, the thickness of the grain flow laminae themselves would be potentially the same, as they are determined by the height of the original bedforms themselves (Kocurek & Dott 1981) . Better quality aeolian reservoirs may thus be expected in areas of faster subsidence.
CONCLUSIONS
The Etjo Formation is a suitable outcrop analogue for the erg centre region of the subsurface Leman Sandstone of the Southern North Sea. Grain flow thickness-length-width data from the Etjo Formation provide a quantitative dataset for input into reservoir modelling studies of the Leman Sandstone. The dataset also highlights the absence of a relationship between grain flow thickness and preserved bed-set thickness, suggesting that original bedform height is unlikely to be the single control on long-term preservation of aeolian bed-sets. The additional factor of available accommodation is likely to be as important as original bedform size in determining the long-term preservation potential of aeolian deposits. As with many numerical datasets, the grain flow architecture data presented here would benefit from being more extensive.
